Introduction
In production of stainless steel sheet, the hot-band from the hot rolling mill is annealed, then shot-blast and pickled to remove the oxide scale prior to cold rolling. Several kinds of surface defects are created in this process including shot-blast craters and sharp pits due to grain-boundary attack. These defects, which are generally referred to as surface pits or voids, act as oil reservoirs to provide lubrication in the subsequent cold rolling process ͓1-3͔. It is expected that these surface pits will be eliminated during subsequent rolling, as the asperities are flattened. However, some pits survive the whole rolling schedule and result in a surface finish on the final product which may be unacceptable for mechanical and aesthetic reasons ͓4 -6͔. Substantial effort has been made to understand the evolution of the surface pits in metal forming processes. Wang et al. ͓7͔ simulated the outflow behavior of lubricant in micro-pits using artificial micro-pits on aluminum strip and found that changes in pit volume and friction are associated with the sliding ratio. Bech et al. ͓8͔ observed the entrapment and escape of lubricant from micro-pits in plane strip drawing of aluminum using a transparent tool. They found that the oil escapes a micro-pit either by a hydrostatic mechanism, driven by the hydrostatic pressure, or by a hydrodynamic mechanism due to the sliding action between the roll and strip surfaces. The hydrostatic mechanism occurs at lower speeds and viscosities or with higher friction coefficients and back tensions. On the contrary, the hydrodynamic mechanism occurs at higher sliding speeds and viscosities or lower friction and back tensions. An experimental study by Ahmed and Sutcliffe ͓9͔ examined the inlet lubrication and outflow behavior of trapped lubricant in micro-pits during cold rolling and strip drawing. It was found that oil is trapped in the surface pits within a short region at entry, where the surface asperities are rapidly flattened ͑mostly towards the early passes of a rolling schedule͒. The subsequent outflow of this trapped lubricant is dominated by the MPHL mechanism under practical conditions in cold rolling or drawing. A schematic of the two mechanisms is shown in Fig. 1. An MPHL model for cold rolling was developed by Sutcliffe et al. ͓10͔ , extending the earlier work of Lo and Wilson ͓11͔. In this model a number of assumptions were made to simplify the problem:
1. The tool surface is rigid and smooth. 2. The strip material is deformed under plane strain conditions. 3. The pits are uniform in size and shape and the slope at the edge does not change during rolling. 4. The pits are isolated so that there is no oil leakage between adjacent pits or oil flow into the pits. 5. The film thickness at the trailing edge of the pit due to oil outflow is much smaller than the depth of the pit.
Assumption ͑4͒ is clearly not valid for the hot-band, where the surface finish has a rough cratered appearance due to the shotblasting process, rather than being composed of relatively small isolated pits in an otherwise flat surface. This will lead to oil leakage between these interconnected pits. Even if the relatively flat surface finish has been established, this assumption is not entirely valid because of an oil film generated at the inlet by entraining action and the penetration of MPHL oil film from an adjacent pit. A useful estimate of the amount of oil drawn in is given by the ''smooth film thickness'' estimate h w of Wilson and Walowit ͓12͔
where Ū is the mean entraining velocity at entry, 0 is the inlet angle between the strip and tool ͑it is assumed that tan( 0 )Ϸ 0 ͒, Y is the plane strain yield stress of the strip and 0 is the viscosity of the lubricant at ambient pressure. The pressure viscosity coefficient ␣ is used in the Barus equation ϭ 0 exp(␣p) to describe the variation of viscosity with pressure p. The oil drawn in at the entry to the bite will flow into the pits in the bite. This was ignored in previous models, but it will become significant in the final passes where the thickness of the inlet film is comparable to the depth of the pits. The penetration of the oil film generated by MPHL into an adjacent pit will also occur when the oil flow distance exceeds the length of the asperity plateau. Assumption ͑5͒, which assumes that the MPHL oil film is much smaller than the pit depth, is also questionable in some cold rolling and strip drawing conditions. This will affect the rise of the hydrodynamic pressure at the edge of the pit.
The purpose of this paper is to extend the previous models of pit evolution due to MPHL. A detailed analysis for the first pass, where pits are not isolated, is presented in section 2.1 to examine the importance of the first flattening stage into connected pits. In the main bulk of theoretical work, section 2.2, the previous theory ͓10͔ is extended to take into account the flow of an oil film generated by MPHL action into an adjacent pit and the finite depth of the pits. Results are validated by simulations and experiments and used to identify the regimes of the flattening of the surface pits.
2 Theoretical Analysis 2.1 Inlet Lubrication Model. The pits or craters on the surface of hot-band are usually connected directly or via smaller pits. At the entry to the bite for the first pass, surface asperities will be crushed progressively due to contact with the rolls, while oil in the pits becomes pressurised due to the entraining action of the roll and strip. The build-up of the hydrodynamic pressure under these conditions, where the pits are connected, has been modelled by Patir and Cheng ͓13͔, and more recently by Lo ͓14͔ and Wilson and Marsault ͓15͔, using an averaged Reynolds equation:
where x is the distance from entry, p b is the hydrodynamic pressure, h t is the mean film thickness, ⌬U is the sliding speed at entry, R q is the RMS roughness, x is the longitudinal flow factor, and s is the sliding flow factor. Both x and s are given by ͓15͔ as explicit functions of the depth of the pits and the Peklenik surface orientation parameter ␥. Here the Peklenik parameter is taken equal to unity, which is appropriate for isotropic surfaces. This model can be used until the contact ratio ͑i.e., the ratio of true contact area between the roll and strip to the nominal contact area͒ reaches a ''percolation'' threshold ͓14͔, after which the pits can be regarded as isolated. The asperity flattening process, as used in the previous MPHL model ͓10͔, has been described by Sutcliffe ͓16͔. We assume that the inlet zone is short so that the inlet wedge angle and pit spacing are constant. Before the bulk deformation occurs, the flattening process is treated as if the material on the top of the asperity is removed due to the reduction of strip thickness. The asperity hardness is assumed to be the indentation hardness, p a Ϫp b ϭ2.57Y , where p a is the asperity pressure and Y is the plane strain yield stress. The mean contact pressure given by p ϭAp a ϩ(1ϪA)p b rises until bulk deformation occurs.
The bulk deformation is taken into account in the subsequent flattening process. The dimensionless flattening rate W of the asperity is taken, following Sutcliffe ͓16͔, as
where v f is the velocity of the asperity valleys relative to the plateaux, i.e., v f ϭϪ␦ , where ␦ is the pit depth, is the bulk strain rate, and L 0 is the initial pit spacing. This flattening rate W is a function of the contact area ratio A and the dimensionless difference in pressure ⌬ϭ(p a Ϫp b )/Y between the pressure on the asperity tops p a and the hydrodynamic pressure p b . The exact form of this function is taken from the curve fit by Sutcliffe ͓16͔ of the FEM solutions of Korzekwa ͓17͔. The asperity pressure p a is determined by the yield criterion of the workpiece, where the mean contact pressure is taken as p ϭ0.9Y , being slightly below the yield stress Y to take into account unwind and rewind tensions.
The variation of pit depth ␦ with position x in the rolling direction is derived by combining Eq. ͑3͒ and the expression d/dxϭ2 0 /z 1 relating the variation in strain with position to the roll geometry, to give
where z 1 is the inlet strip thickness. The depth of the pits ␦ and the hydrodynamic pressure p b can be solved by integrating Eqs. ͑2͒ and ͑4͒ with respect to x simultaneously. This model is used to calculate the build-up of hydrodynamic pressure and the rate of asperity flattening at the entry to the bite during the first pass on the shot-blast strip. The key input parameters used, which are typical of industrial rolling practice, are shown in Table 1 . The value of surface roughness is taken from industrial hot-band samples measured on a Zygo interferometric three-dimensional profilometer. The pit spacing is estimated from the images of surface heights of these samples. Results are shown in Fig. 2 , plotting the variation through the bite of the hydrodynamic pressure in the oil and the contact area ratio at the inlet to the bite, for three rolling speeds. The position x in the rolling direction is normalized by the bite length b, which is obtained assuming a circular bite. At a low rolling speed of 1 m/s, the hydrodynamic pressure generated is negligible, so that the process is similar to dry rolling until the contact ratio reaches the ''percolation'' threshold with an area of contact ratio Aϭ0.6. At this point, the pits are effectively isolated and the hydrodynamic pressure rises rapidly. At a higher rolling speed of 10 m/s the asperityflattening rate is reduced slightly by the hydrodynamic pressure generated in the oil, so that it takes slightly longer for the contact ratio to reach the ''percolation'' threshold. Only at an unrealistically high rolling speed of 100 m/s would the hydrodynamic pressure rise significantly before the percolation threshold is reached. It is noted that there is a short region in the inlet where the contact Table 1 Parameters used in the analyses of rolling ratio is independent of the roll speed. This is the region where there is no bulk deformation described above. Even in the transition zone where there is bulk deformation of the strip, the effect of the roll speed on the contact ratio is not significant under the conditions being considered. This is because most of the flattening occurs before the bulk deformation takes place. These results confirm the assumption made in previous models that there is a very short inlet zone at which the shot-blast surface is crushed to reach the percolation threshold. Therefore, it is reasonable to apply the MPHL model in the work zone on the first pass, with the initial condition of an area of contact ratio equal to 0.6.
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Model. As shown in the previous section, the surface asperities of the shot-blast work-piece are crushed in a short region at the inlet so that the oil is then trapped in the pits. Because of relative sliding between the tool and work-piece surfaces, the oil is then drawn out by MPHL mechanism. The theory is described by Lo and Wilson ͓11͔ and the authors in the previous paper ͓10͔. Here these models are updated to take into account the effect on the hydrodynamic pressure of the inlet oil film, penetration of the MPHL oil film from one pit to another, and the effect of the finite depth of the pit. A schematic of the current model is compared with the previous models in Fig. 3. (1) Mass Conservation. By considering the change in geometry of the pit as the asperities are flattened, Lo and Wilson ͓11͔ derive an expression for the change in pit volume as:
where is the bulk strain rate, a is an asperity strain rate, L is the current pit spacing, A is the current pit contact ratio and is the angle of slope of the pit. Due to volume conservation of the oil, the change in pit volume is equal to the oil flux into the pit minus the flux leaving the pit, i.e.,
where ū 1 is the velocity of the oil leaving the pit, and ū 2 is the velocity of the oil adding to the pit. These velocities are related to the relative sliding speed u 1 by
Equation ͑6͒ shows that introducing the additional term associated with the role of the oil flux coming into the pit reduces the rate at which the pit volume decreases. Flattening due to MPHL would stop entirely when the net oil flux goes down to zero. The inlet oil film generated at the entry to the roll bite acts as a starting and minimum value of h 2 .
(2) Hydrodynamics Analysis. As described in the previous models, the hydrodynamic pressure rises at the edge of the pit due to wedge action. This can be solved by the one-dimensional Reynolds' equation
where is the distance in the sliding direction measured from the center of the asperity, Q is the reduced pressure given by Qϭ1Ϫe
Ϫ␣ p , 0 is the viscosity at ambient pressure, ␣ is the pressure viscosity index, ū 1 is the mean oil velocity at the edge of the pit, h is the film thickness, and h* is a constant, equal to the film thickness when the pressure gradient is zero. Assuming the pit angle is constant and equal to , the equation becomes:
Assuming the pressure gradient becomes zero at the edge of the valley, i.e., h*ϭh 1 , the reduced pressure Q is derived by integrating this equation with respect to the film thickness h. At the bottom of the pit where h is equal to hϭh 2 ϩ␦, the reduced pressure is given by the pressure at the bottom of the pit, Q b ϭ1Ϫe Ϫ␣ p b , while at the edge of the valley where hϭh 1 , the reduced pressure is given by the pressure at the edge of the pit, Q a ϭ1Ϫe Ϫ␣ p a . Therefore, Transactions of the ASME where h 2 is the oil film thickness at the trailing edge due to the inlet film or penetration of the oil from the adjacent pit, as shown in Fig. 3͑b͒ .
(3) Asperity Flattening Process. The flattening of the asperities is derived by differentiating the depth of the pit:
Note that in the models of Lo and Wilson ͓11͔ and Sutcliffe et al. ͓10͔, the flattening rate is obtained by differentiating the mean depth of the pit. This has been changed here to coincide with the definition of the dimensionless flattening rate W by Sutcliffe ͓16͔.
The dimensionless flattening rate is thus given by
where the dimensionless flattening rate W is associated with the current contact ratio A and pressure difference between the asperity top and valley ⌬ as described in section 2.1. Expressions for the bulk strain rate and the sliding speed u 1 , are given explicitly in Sutcliffe et al. ͓10͔, for a given set of rolling or strip drawing conditions. The numerical procedure starts with a guess for the asperity-flattening rate a and finds the MPHL film thickness h 1 from Eqs. ͑5͒ and ͑6͒, where h 2 is taken from the previous time step. This allows for the solution of the asperity p a and hydrodynamic pressures p b from Eq. ͑11͒. Inserting the asperity p a and hydrodynamic pressures p b into Eq. ͑13͒ gives a new asperityflattening rate a . This process is repeated until the value of a has converged. The asperity strain rate a is then integrated to solve the asperity strain and hence the MPHL film thickness, contact ratio and depth of the pit. A new h 2 is derived by analysis of the penetration of MPHL oil film in the interface between the tool and work-piece described below.
(4) Penetration of MPHL Oil Film.
A model of penetration of the MPHL oil film from one pit into an adjacent pit under the contact area has been derived by Lo and Wilson ͓11͔. Assuming that the pressure gradient is zero under the contact area, the Reynolds' equation becomes:
where ū is the penetration speed of the oil given by ū ϭu 1 /2 ϩ a . The film thickness at the trailing edge of the asperity is obtained through the mass conservation described in the next section, i.e.,
An outlet zone exists near the edge of the contact. According to Lo and Wilson ͓11͔, the details are quite complicated, with the outlet film thickness slightly less than that at the end of the transition zone. For simplicity, the gradient of the film thickness at the leading edge of the asperity is assumed to be zero so that the flow rate of oil into the reservoir is determined by the film thickness at the end of the transition zone h 2 , i.e.,
To solve Eq. 14, the contact zone is discretised and the distribution of oil film thickness is updated every time step using a finite difference approach. This allows for the solution of the film thickness h 2 . This method of solution was found to be more straightforward than the method of characteristics used by Lo and Wilson ͓11͔.
(5) Forms of Solution. To illustrate the effect of including the pit depth and inlet oil film, a series of calculations were performed based on the first pass on shot-blast surface with an initial contact ratio of 0.6 and pit spacing of 300 m. The parameters in rolling are detailed in the third column of Table 1 . The rolling speed is 3 m/s. Results are compared in Fig. 4 , with calculations using the previous model ͓10͔. Figure 4 shows that the MPHL film thickness is significantly reduced compared to the previous model ͓10͔, due to the change in the definition of the asperity flattening rate in section 2.2 ͑Eq. 12͒. The MPHL film thickness is further reduced by about 10 percent by including the inlet film and penetration of MPHL oil film from adjacent pit. This difference is not significant. It is noted that the total penetration length ⌬l p of the MPHL oil in rolling is about half of the sliding distance ͑given by Sutcliffe et al. ͓10͔͒, i.e.,
For the calculations considered here, this distance is equal to about 0.11 mm compared to the asperity plateau length of about 0.18 mm. Therefore, the MPHL oil film has not reached the adjacent pit even when the pit leaves the bite. The situation is similar to that shown in Fig. 3͑a͒ , though the inlet film is added to the top Fig. 4 is due to the effect of inlet film thickness. However, the effect of penetration will be important when the pit spacing is smaller or the sliding ratio is increased, for example in strip drawing. This is confirmed in Fig. 5 , showing results for strip drawing. The drawing speed is 0.017 m/s and the wedge angle of the dies is 4 deg. The parameters are detailed in the second column of Table  2 . In contrast to rolling, there is a transition on the curve for the current model ͑dashed line͒ at about xϭ0.1b. The penetration length is about half of the sliding distance in strip drawing, i.e.,
At the point, the penetration length of the MPHL film is about 0.18 mm, the length of asperity plateaux, so that the MPHL film has reached the adjacent pit and the asperity flattening process is lowered. The situation is analogous to that in Fig. 3͑b͒ .
Experimental Verification
In this section the experiments on strip drawing described by Sutcliffe et al. ͓10͔ are re-visited and compared with the current models. The first case considers drawing of smooth bright annealed strip with artificial pits produced by Vickers indentations. The parameters are detailed in the third column of Table 2 . The predictions of the current model are compared in Fig. 6 with the measurements of pit volume taken from ͓10͔. These new calculations include the effects of the inlet film and penetration of MPHL film. Predictions are in good agreement with measurements, improving the predictions of the previous model. Secondly, we consider the hot-band which is the starting condition for the cold rolling process. This has a shot blast surface finish. Measurements of pit area on strips drawn with two oils ͑labeled V 68 and HVI 650͒ ͑taken from ͓10͔͒ are compared with model predictions in Fig. 7 . The parameters are detailed in the fourth and fifth columns respectively. An estimate of a ''mean'' pit spacing and slope has been made from the profilometry measurements. The results show that the model predicts the pit area correctly for both sets of conditions. Although the HVI 650 oil is much more viscous than the V 68 oil, the rate of crushing was found experimentally to be very similar. The theory presented in this paper replicates this behavior. The viscosity of both oils is sufficient to ensure that they are drawn out of the pits efficiently, so that there is relatively little effect of oil viscosity in these conditions. Finally, predictions from the theoretical model are compared in Fig. 8 with measurements on stainless steel strip ͑304 grade͒ rolled with a standard industrial rolling schedule on a 20 high Sendzimir mill ͑taken from ͓9͔͒. The initial hot-band gauge was 4.0 mm thick and had the standard shot-blast finish. Samples were collected from the middle of the coil after various passes, so were rolled at normal speeds. Pass reductions were between 10 and 20 percent and rolling speeds were between 1 and 3 m/s. The work rolls used for the passes presented here were approximately 50 mm in diameter. Further details of the conditions and appropriate oil properties are given in Table 1 . The surface roughness of the samples was measured on a Zygo three-dimensional interferometric profilometer. The digitised surface data was then exported using Ahmed and Sutcliffe's ͓6͔ method, to find the pit area. A depth criterion of 0.5 m was used to identify the pits. The initial contact area ratio was assumed to be 0.6, the ''percolation'' threshold for isotropic surfaces. An initial pit spacing of 300 m has also been used in the calculations. Results give the variation in pit area ratio ͑i.e., 1ϪA, where A is the area of contact ratio͒ with the overall reduction in strip thickness. Figure 8 compares these predictions with the measured values of pit area ratio. The figure shows that the predicted pit area ratio agrees reasonably well with 
Pit Lubrication Behavior
In this section, we construct maps to illustrate the change in the regime of lubrication through a typical pass schedule. As suggested by Sutcliffe et al. ͓10͔, the effect of the inlet oil film can be characterized by the ratio ⌳ i ϭh w /␦ of the ''smooth'' film thickness to the pit depth ␦, whilst the MPHL regime in the bite can be characterized by an estimate of the ratio of the oil drawn out of the pit in the bite to the initial pit volume, ⌳ m , with:
where ⌬l is the sliding distance given in the previous paper ͓10͔.
Assuming that the pit slope does not change during the schedule, we can follow the variation of the depth of a typical pit in a pass schedule using the MPHL model and hence calculate the change in the inlet and MPHL lubrication parameters ⌳ i and ⌳ m . These are used to construct lubrication regime maps, for the typical rolling conditions shown in Table 1 . To simplify the presentation, the reduction is kept constant at a value of 15 percent throughout the pass schedule. The effect of increasing the speed from 3 to 10 m/s is shown in Fig. 9 with an initial pit slope of 15 deg, and with initial pit depths of 1, 5, and 25 m. At higher speeds, the pits are reduced faster. Hence the depth of the residual pits is smaller, giving the larger values of both ⌳ i and ⌳ m shown in Fig. 9 . The regimes of lubrication are indicated on Figs. 9 and 10, drawing the boundary between the MPHL-dominated and the inlet-film dominated regions at a value of ⌳ i ϭ1. Initially the inlet parameter ⌳ i is very much less than one, indicating that there is negligible oil film entrained at the inlet. The value of ⌳ m is also less than one, showing that it is relatively difficult to draw oil out of the pit in the initial pass. Further down the schedule the inlet and MPHL parameters rise, as the pit depth reduces. Note that the MPHL parameter is approximate, and includes an exponential term explaining the very large change during the schedule. The increase in ⌳ m above one indicates that the oil is very rapidly drawn out by the MPHL mechanism, so that this is not a limiting factor. Instead, conditions can be expected to be similar to that for dry rolling. Towards the final pass, particularly for the shallower pits and higher rolling speed, the inlet parameter ⌳ i approaches one, indicating that there is now a significant oil film entrained at the inlet, which tends to inhibit the elimination of the pits. The depth of the residual pits can be estimated from the value of ⌳ i indicated on the regime maps, via the smooth film thickness for each pass. For example, h w for the final pass with a speed of 3 m/s is about 0.02 m so that the depth of the pit is given by ␦ϭ0.02/⌳ i . Figure 9 shows that, at a rolling speed of 3 m/s, pits with an initial depth of 25 m persist until the end of the multipass schedule with a residual depth of the order of 4 m. Pits with initial depth 1 m persist with a depth of about 0.02 m after the schedule. Certainly, residual pits of depth 4 m will be detrimental to the surface finish, but even the smaller pits of 0.02 m depth 
